Introduction
Prestack seismic inversion can be a very cost-effective tool to help optimize shale reservoir development and reduce cost and risk. This case study utilizes prestack seismic inversion, calibrated to well control, to discriminate sweet spots and predict the petrophysical/geomechanical properties of the Vaca Muerta shale to the extent possible. This analysis is done on previously acquired data with vibroseis sources over these blocks for conventional purposes, re-processed by using an anisotropic Kirchhoff pre-stack time migration.
First, a feasibility study is performed using full suites of log data to investigate potential rock properties that can be used to characterize petrophysical properties and kerogen and other mineral composition. Then P-and S-impedance and density volumes are generated using prestack seismic inversion. The inverted elastic property volumes, integrated and calibrated with well data, are used to generated geo-mechanical volumes and petrophysical volumes such as kerogen, porosity, facies, etc. Finally, FMI and production data are integrated with 3D stress, structure and rock properties for horizontal well planning consideration. In the following sections, we detail the workflow.
Reprocessing Project
The study lies in the eastern portion of the onshore Neuquen Basin in Argentina. In 2004 a 3D seismic survey was acquired for conventional purposes. In 2012, prior to the integrated (VM) geomechanical/petrophysical study, this survey was reprocessed to optimally condition the data for seismic inversion and derive anisotropy information for use in stress-field analysis and fracture characterization.
Two types of anisotropy commonly exist in nearly all land and hard rock marine basins. The first and most common is vertical transverse isotropy (VTI). VTI anisotropy is often caused by fine horizontal layering within the subsurface, resulting in the wellknown "hockey-stick" or non-hyperbolic moveout effect in the data gathers. The second type is horizontal transverse isotropy (HTI). HTI anisotropy is most often caused by the presence of vertically aligned fractures or unequal horizontal stresses in the subsurface causing azimuthal travel time variations in the data. Accounting for these two types of anisotropy is now widely recognized as an important step in seismic data processing.
The reprocessing effort for the seismic survey follows a standard land processing workflow with the exception of the implementation of an anisotropic offset vector tile (OVT) PSTM scheme to account for VTI and HTI effects in the data. Using a methodology similar to that proposed by Jenner (2011) , V nmo and η are obtained, smoothed and used as the input velocity field for an anisotropic OVT PSTM. Since OVT PSTM is an offset and azimuth preserving migration scheme, post-migration HTI analysis is possible without having to azimuth sector the data. A proprietary high density, full azimuth (non-sectored) surface-fitting technique is used post-migration to measure and correct for the HTI effects in the data. This workflow results in improved gathers for input to seismic inversion, and produces azimuthal velocity anisotropy attributes for stress field analysis and fracture characterization.
Petrophysical Analysis and Rock Physics Study
Well logs are systematically depth matched, normalized, and modelled to generate consistent data sets for rock physics evaluation. Petrophysical and mineralogy logs are generated using a statistical approach, which are then used to estimate properties beyond the wells using seismic inversion results.
Rock physics crossplots are generated to study the feasibility of inversion and the relationship of Vp/Vs and impedance to kerogen and clay volumes. The Lower Vaca Muerta (VM1) interval has high kerogen content at an average of over 8%. It also shows a low AI and Vp/Vs signature for typical organic rich shale plays. The attractive feature of the VM shale is that its clay content generally is less than 30%, making it amenable to hydraulic fracturing. a) b) Figure 1 : a) Petrophysical and mineralogical analysis of well A; b) P-Impedance vs Vp/Vs ratio cross-plot highlighting kerogen effect on rock properties.
Tracks 6, 7 and 8 in Figure 1a show the estimated porosity, saturation, and mineralogy fractions including quartz, calcite, clay and Kerogen, respectively. Figure 1b shows that high kerogen content (in yellow) correlates with the low P-impedance and low Vp/Vs ratio. Therefore, kerogen volume fraction distribution in the VM shale should be predictable using the seismic derived elastic properties.
Prestack Seismic Inversion
The gathers are carefully conditioned to provide the best input for the pre-stack simultaneous inversion. The conditioning workflow includes anisotropy (eta) determination and three-term move-out correction, statics-based event flattening, coherence based pre-stack noise suppression and trace balancing.
Prediction of low frequency inversion attribute trends, P-and S-impedance (AI and SI) and density, are accomplished by extrapolating these attributes from well data following variations in a high-resolution velocity model. An inversion wavelet is estimated independently for each of the five angle stacks using a well log reference. The waveforms, phase and bandwidths are similar except for some detailed differences in the side lobe energy. The inversion attribute constraints are optimized for best matching AI, SI, and density simultaneously. These provide soft attribute limits, within the inversion algorithm, to stabilize the iterative, non-linear matrix solution contained therein.
The inversion results are quantitatively calibrated to six wells, which penetrated the entire Vaca Muerta shale interval. This lower Vaca Muerta shale (VM1) interval contains higher amount of kerogen than the upper interval (VM2). We suggest the VM1 is the better zone for commercial production.
The inverted AI, SI and density are shown in Figure 2a , 2b and 2c, respectively. The seismic inverted elastic properties capture the 3D heterogeneity of shale properties as shown in the VM1 zone.
Integrated Interpretation Strategy
To enhance the development strategy, we started an integrated approach in its analysis, as the reservoir, surface issues, and logistics all contribute to the economics of the field. For subsurface reservoir characterization, the following issues are considered: inversion attributes, interpretation strategy, 3D reservoir and geomechanical attributes, analysis of structures and stresses, and horizontal well placement. 
3D Reservoir and Geomechanical Attributes
To characterize the heterogeneity and identify potential sweet spots, we use a multivariable analysis approach to predict 3D distributions of effective porosity and kerogen fraction by integrating results from the prestack seismic inversion and petrophysical log analysis. Figure 3 shows the kerogen fraction distribution map of VM1 zone. It shows that the kerogen fraction in VM1 is generally above 8%. The western part of the area, which has the highest kerogen fraction and porosity, may represent a sweet spot; these positive indicators suggest that the VM shale may be a promising play waiting to be developed. Well data is used to determine attribute thresholds (cut-offs) for classification of the VM shale. Various cutoffs are used to progressively classify the reservoir into different quality categories. Figure 4 shows that a majority of the VM1 has very good reservoir quality (shown in green) with effective porosity >9% and kerogen fraction > 8%. 3D cross-plot geo-bodies are then extracted using the appropriate attribute thresholds to highlight potential sweet spots. 
Integrated reservoir study: Vaca Muerta
To better understand the area of interest's geomechanical properties, Young's modulus and Poisson's ratio are calculated using inverted AI, SI, and density. The results indicate that VM1 has more kerogen and thus a lower Young's modulus than VM2, which has higher modulus, but lower kerogen content.
Considerations for Horizontal Well Placement
Several significant issues must be considered for best practices of horizontal well development: 1) reservoir and geomechanical properties, 2) stress regime, maximum horizontal stress (SHMax) orientation and horizontal stress anisotropy, 3) faults and natural fracture systems, 4) acreage utilization and limitation, and 5) drilling and completion logistics and efficiency.
The VM1 zone has higher porosity and kerogen content than the VM2 zone. Because the effective porosity in organic rich shales resides primarily in the matured kerogen which stores the live hydrocarbon, higher porosity generally indicates more producible hydrocarbon in place. Moreover, higher kerogen content may provide connected pore spaces and form flow pathways to fractures for oil and gas to be produced. Therefore, the VM1 zone offers better reservoir quality than the VM2 zone. However, significant faulting may result in horizontal well sections out of zone if these faults are not mapped and considered in the planning stage.
The maximum horizontal stress orientation and the presence of natural fractures systems are also critical for the effective completion of horizontal wells. In the majority of the area, SHMax seems to be oriented East-West based on azimuthal seismic stress analysis and FMI logs, so wells might be oriented North-South for effective completions and to maximize production. However, in some area, faults cause stress rotation, which is also confirmed by FMI fracture analysis. Therefore, a seismic based stress map can provide useful information on local stress variation for well planning.
Conclusions
Anisotropic processing of land seismic data provides high quality gathers for seismic reservoir characterization of the Vaca Muerta shale. It also provides structural and stratigraphic controls for integrated interpretation. Azimuthal velocity analysis enables stress anisotropy and azimuthal estimation. Prestack seismic inversion integrated with rock physics modeling generates geomechanical and reservoir properties to assist in full field development planning. Calibrated to FMI logs and production data, these properties enable plausible, horizontal well placement and improved completion designs.
